Biochar is a stable carbon substance produced by the pyrolysis of biomass and used as a soil amendment. Biochar application to soil has resulted in agronomic benefits, including improved water-holding capacity. However, limited studies exist quantifying different biochars' roles in soil water retention, especially when the soil is drier than field capacity. The objective of this study was to investigate the effects of poultry litter and woodchip biochars, applied at various rates (i.e., 0, 5, and 10 Mg•ha −1 incorporated to a depth of 10 cm) to a loam soil, on the relationship between soil water potential and water content across a wide range of moisture conditions. Based on analysis of variance, the relationship between water potential and water content differed (P < 0.05) between biochar sources based on differing (P < 0.02) power-function coefficients, with poultry litter biochar having greater water retention capacity across a wide range of water potentials, but was unaffected by application rate. Based on regression analyses, application rate affected the relationship between water potential and water content for poultry litter biochar. Results indicate that biochar may not generally improve water retention at all water contents with one-time application rates. Additional experiments will be necessary to understand the impact on water retention of biochars produced from different feedstocks under varying pyrolysis conditions.
ferences in the biochar products.
Materials and Methods

Soil Sample Collection and Initial Characterization
Soil was collected from approximately the top 10 cm of a floodplain at the University of Arkansas Agricultural Research and Extension Center in Fayetteville, Arkansas (36.09390˚N, 94.16494˚W) in an area that was classified as a Razort loam (fine-loamy, mixed, active, mesic Mollic Hapludalf) [24] , which was where soil was collected for asimilar greenhouse experiment. The soil was homogenized, air-dried for 72 hours, ground, and sieved to pass a 2-mm mesh screen. Four sub-samples were dried for 24 hours at 105˚C to quantify the initial moisture content of the air-dried soil. Soil particle-size analysis was conducted on oven-dry sub-samples of the soil sieved through a 2-mm mesh screen using an adaptation of the 12-hr hydrometer method [25] . Mehlich-3 extractable nutrients (i.e., phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), iron (Fe), manganese (Mn) and copper (Cu)) were determined by inductively coupled plasma (ICP) spectrometry (SPECTRO ARCOS, SPECTRO Analytical Instruments GmbH, Kleve, Germany) [26] . Electrical conductivity (EC) and pH were determined potentiometrically on a 1:2 soil mass-to-water volume paste, and organic matter concentration was determined by loss-on-ignition in a muffle furnace.
Biochar Characteristics
Granular pine (Pinus spp.) woodchip biochar (Waste To Energy Solutions Inc., Destin, FL), produced through pyrolysis at 500˚C, was obtained for use in this study. Pelletized poultry litter biochar (Whitfield Biochar, Burlington, WA), produced through pyrolysis at 500˚C to 520˚C, was also obtained for use in this study. These two biochar types were used as soil amendments to represent a cultivated-soil scenario.
Total recoverable minerals (i.e., P, K, Ca, Mg, S, sodium (Na), Fe, Mn, zinc (Zn), Cu and boron (B)) were determined from acid digests [27] by ICP spectrometry. Both biochars were dried for at least 48 hours at 70˚C then ground to pass a 40-mesh screen. Biochar pH and EC were determined potentiometrically on a 1:2 sample mass-to-water volume paste. Sub-samples of each biochar were subsequently dried for 24 hours at 105˚C to obtain moisture contents of both biochar materials. The water droplet penetration time (WDPT) test was measured using a modification of the procedure described by Herath et al. [28] . Three drops of water from a Pasteur pipet were added to 2 g of each biochar and the time of penetration was recorded [29] [30].
Wetting Curve Determinations
Following the procedures of Brye [31] , the relationship between water potential and water content was determined for each of five replicate treatment combinations by re-wetting air-dry soil from randomly selected biochar source-rate treatment combinations. Brye [31] used this technique to determine the effect of years of cultivation and land use on soil water-retention characteristics. Eight sub-samples of air-dried sieved soil from each treatment combination were prepared by mixing 5 ± 0.01 g of soil with 0, 28 mg, or 57 mg of biochar (i.e., equivalent to 0, 5, and 10 Mg•ha −1 rates incorporated to a depth of 10 cm at the field scale). Soil and biochar samples were placed into small cups to which 1, 2, 4, 6, 10, 12, 15, or 20 drops of distilled water were added to each sample cup, respectively, using a Pasteur pipet and mixed thoroughly. The moist soil and biochar mixtures were transferred to small plastic measurement vessels, 3.8 cm in diameter and 1 cm tall, and lightly tamped to fit into the bottom 0.5 cm of the cup, resulting in a dry bulk density of each sample < 1 g•cm . Sample vessels were covered and allowed to equilibrate overnight at room temperature. The following day, a WP4 Dewpoint Potentiameter (Decagon Devices, Inc., Pullman, WA) was used to measure the resulting water potential for each sample. The potentiameter was calibrated using 0.5 molal KCl standard solution. After the water potential was measured for each sample, the gravimetric water content was determined by weighing, oven-drying at 105˚C for at least 12 hours, and reweighing.
Data Analyses
Initial biochar properties were compared between biochar sources by analysis of variance (ANOVA) using SAS (version 9.2, SAS Institute, Inc., Cary, NC). When appropriate, means were separated by least significant difference at P = 0.05.
The relationship between soil water potential (ψ) and gravimetric water content (θg) was determined using nonlinear regression as described in Brye [31] using the power function:
The power function was fit to the soil wetting curve data for each replicate treatment combination, with ψ representing soil water potential (in MPa), θg representing the gravimetric water content of a given sample (in %), and a and b were empirically derived coefficients. Based on a completely random design, a two-factor ANOVA was conducted using SAS to determine the effects of biochar source, rate, and their interaction on modeled water-retention characteristics (i.e., a and b coefficients). When appropriate, means were separated by least significant difference at P = 0.05. A multiple regression analysis was also conducted on the modeled water-retention characteristics using Minitab (version 13.31, Minitab, Inc., State College, PA) to further investigate the effect of biochar rate.
Results and Discussion
Initial Soil and Biochar Properties
Initial soil and biochar properties were similar to expectations. Particle-size analyses confirmed the texture of the soil to be loam and the soil pH was determined to be 6.7 ( Table 1 ). The poultry litter and woodchip biochars possessed alkaline pH of 8.0 and 8.9, respectively ( Table 2 ). The majority of the nutrient concentrations and EC differed (P < 0.05) between the two biochars. Except for iron, the poultry litter biochar possessed greater (P < 0.05) concentrations of all other total recoverable elements measured (i.e., P, K, Ca, Mg, S, Na, Mn, Zn, Cu; Table 2 ). The water repellency differed between the two biochars (P < 0.05), with greater water repellency in the poultry litter (>60 seconds for water to penetrate into biochar) compared to the woodchip biochar (2.5 seconds).
Biochars can have large surface areas (200 to >500 m
) and are highly porous when produced at intermediate temperatures around 450˚C to 750˚C [1] [2] [32] , a range which includes the temperatures that produced the biochars used in this study. These physical biochar attributes have affected water relationships in soil by increasing soil porosity and changing the pore-size distribution [17] [33] . In this study, the short duration of the experiment and the pre-treatment of the biochars, including air-drying and sieving, eliminated some possible mechanisms of biochar effect on soil water-retention (e.g., improved soil structure, aggregate stability, and the increase of macropores). Grinding the biochar created a more uniform comparison between biochars so that their intrinsic property differences rather than their structural differences (i.e., pellet vs. granular) were likely responsible for subsequent measured differences in the relationship between water potential and water content.
Soil Wetting Curve Differences
The power function (Equation (1)) fit the soil wetting curve data well, with R 2 values of 0.94 and 0.95 ( Figure  1) . Water contents measured in this study included those in the plant available water range as well as those drier than permanent wilting point (i.e., water potentials ranging from ~−0.2 to ~−80 MPa; Figure 1) . The a coefficient of the wetting-curve model, an experimentally derived coefficient, differed (P = 0.018) between biochar sources ( Table 3) . Averaged across biochar rate, the a coefficient from the wetting-curve model averaged 277.1 for the poultry litter and 392.8 for the woodchip biochars (Figure 1) . However, despite the differences in the rate of biochar addition, biochar rate did not affect (P > 0.05) the a coefficient of the soil wetting-curve model ( Table 3) . These results suggest that soil response was similar across biochar rates, but that differences existed based on the biochar source, potentially different pore structures, requiring significant adjustments in the model's a coefficient [31] .
The b coefficient of Equation (1) characterizes the rate of water potential decrease as the water content decreased [31] . Similar to the a coefficient, the b coefficient also differed between biochar sources (P = 0.001), but was unaffected (P > 0.05) by biochar rate ( Table 3) . Combined across biochar rates, the b coefficient from the wetting-curve model averaged −2.36 for the poultry litter and −2.62 for the woodchip biochars (Figure 1) . The more negative b coefficient for the woodchip biochar treatments indicated that the water content decrease was greater for the woodchip than for the poultry litter biochar for the same decrease in water potential. Conse- Table 1 . Initial mean (±standard error (SE)) particle-size distribution, pH, electrical conductivity (EC), organic matter, and Mehlich-3 extractable nutrients for the Razort soil (n = 4).
Soil property Mean (±SE)
Particle-size distribution (g Table 2 . Initial mean (±standard error (SE)) pH, electrical conductivity (EC), total carbon (C), total nitrogen (N), C:N ratio, and total recoverable minerals for poultry litter and woodchip biochar sources (n = 2). Means in the same row followed by different letters are different (P < 0.05). ** Zinc in the woodchip biochar was below the detection limit of the method. Therefore, the detection limit of 0.01 was used for statistical analysis. Table 3 . Analysis of variance summary of the effects of biochar (BC) source, rate, and their interaction on water-retention characteristics from soil wetting curve data fit to the model quently, more water was retained at a given water potential with the poultry litter biochar than with the woodchip biochar.
Biochar property Biochar source
Poultry litter Woodchip
Though ANOVA did not demonstrate a biochar rate effect, regression analyses were conducted to investigate a potential relationship between biochar rate and water retention assuming that biochar rate represented a continuous variable. The a coefficient for the poultry litter biochar varied significantly (P = 0.037) as biochar rate increased, while the a coefficient for the woodchip biochar and neither b coefficients were affected by biochar rate ( Table 4) . The a coefficient for the poultry litter biochar increased from the 0 to the 5 Mg•ha −1 rate, then decreased from the 5 to the 10 Mg•ha −1 rate (Figure 2 and Table 4 ), suggesting a change in biochar effect at the 5 Mg•ha −1 application rate compared to the control that was no longer observed at the greatest rate. Considering results for both the a and b coefficients, the poultry-litter-biochar-amended soil possessed different overall water-retention characteristics than the woodchip-biochar-amended soil. Since the soil was uniformly treated by air-drying, grinding, and sieving and the biochars were oven-dried and ground, these results suggest that there were factors intrinsic to the biochars that potentially led to water-retention differences between biochar sources. The poultry litter biochar, with a significantly smaller C:N ratio, significantly greater nutrient contents, and almost ten-fold numerically greater EC ( Table 2) , possessed a strikingly different composition that could have affected water-retention characteristics differently than those of the woodchip biochar. Water could have reacted with the inorganic nutrients and compounds in the poultry litter biochar, creating a physical adhesion effect to retain the water in the soil [9] .
The greater C:N ratio of the woodchip biochar, which suggests a greater lignin and cellulose concentration than in the poultry litter biochar due to its origin as plant material, could lead to greater hydrophobicity and water repellency. However, the poultry litter biochar possessed greater water repellency than the woodchip biochar. Fresh biochar tends to be water repellent [34] , and Briggs et al. [35] speculated that the water repellency of their pine biochar samples had to do with the aliphatic compounds that make up biochar as well as the mineral-rich composition clogging outer pores. Tars in biochars can also repel water, and they remain in charcoal produced at temperatures below 600˚C [32] [36]- [38] , such as with the biochars used in this study. The original poultry litter biochar was a hydrophobic pellet, while the woodchip was a coarse, less compacted granular-like form, which could have resulted in differences in the biochars based on the processing and production conditions. Based on Table 4 .
visual observation, following grinding to facilitate comparison among intrinsic properties between biochars, the poultry litter biochar was composed of finer particles than the woodchip biochar. Grinding of the biochars for use in this study may have produced finer particles in the poultry litter biochar that filled soil pores more than the coarser woodchip biochar material to help retain water once soil applied. Different biochar feedstocks, production temperatures, and environmental conditions (i.e., a greenhouse compared to a field setting) could also produce drastically different results than those observed in this study in terms of their effects on soil water-retention characteristics [1] . Thirty months after field application of 47 Mg•ha −1 Acacia spp. Green waste biochar and incorporated to a depth of 10 cm in a silt loam, Hardie et al. [39] reported no significant effects on soil-water retention or soil moisture content near field capacity, but reported numerically greater water contents near saturation. Soil water-holding capacity was unaffected by 20 Mg•ha −1 of mixed wood species biochar incorporated to a depth of 5 cm in an Oxisol [22] or by 11 or 22 Mg•ha −1 of peanut (Arachis hypogaea) hull, hardwood, or various pine biochars added to loamy sand [12] . In a laboratory experiment, plant-available water was shown to increase in sandy soil, remain unaffected in loamy soil, and decrease in clayey soil with the additions of hardwood and pine biochars from 0% to 15%, 30%, and 45% (w/w) application rates [40] . After investigating 60 combinations of soils and biochars, Strebel et al. [41] reported 25 combinations resulting in significantly greater soil water-holding capacity. Furthermore, Abel et al. [42] reported biochar addition to a sandy soil decrease bulk density and increased available water-holding capacity and the water content at permanent wilting point, but biochar did not impact soil wettability six months after incorporation.
Though only a one-time biochar application was used in this study, there is potential that differing results could be observed if greater rates were used or if multiple biochar additions were made over time in a longer study. However, greater rates could prove uneconomical for field application [20] . The Na content in poultry litter biochar was roughly 50 times greater than that in the woodchip biochar; thus, repeated biochar additions, especially with the poultry litter biochar, could negatively impact soil water-holding capacity by increasing soil dispersion and off-setting the potential for improved soil structure. Future studies should also investigate the effects of other biochar products produced from different feedstocks and under various production and environmental conditions on soil water-retention characteristics.
Conclusion
Water-retention characteristics of a loam soil differed as a result of a single addition of poultry litter and woodchip biochar. Poultry litter biochar had different chemical characteristics and affected water-retention characteristics differently compared with woodchip biochar, although both biochars were produced from pyrolysis at approximately 500˚C. More water was retained at given water potential with the poultry litter biochar than with the woodchip biochar, but rate effects were minimal. The results of this study demonstrate that all biochars may not improve soil water retention over a wide range of soil moisture conditions at all application rates. Additional research with various biochar products applied at a range of application rates and with multiple applications would enhance knowledge of the effects of biochar amendment on soil water-retention characteristics.
